Abstract -This paper aims at investigating some significant integration aspects involved in daily practical mobile terminal design and their impact on the correlation coefficient of multiple antenna elements. While the antenna elements itself are kept as simple as possible the influence of its location on the terminal platform is investigated systematically. The investigations show, that the influence of the integration is significant on the one hand. On the other hand the general physical behaviour can be easily estimated and can also be used to find simple design rules for closely spaced de-correlated antennas on small terminals.
I. INTRODUCTION
Multi antenna systems will be used for future high data rate applications even in small mobile terminals. Although MIMO (Multiple Input Multiple Output) has been a frequently addressed topic [1] over the last years, not much attention has been paid to realistic integration of the antenna elements. Furthermore, a systematic study on the integration impairments of antenna elements on small terminals is not yet available. Obvious integration impairments with respect to MIMO are e.g. the crosstalk between the antenna elements and the correlation of the antennas transfer functions. This publication addresses the influence of the location of the antenna system on the chassis of the small terminal and the distance between the elements on the crosstalk between the antennas and the correlation of the elements.
II. THEORETICAL BACKGROUND AND CANONICAL REFERENCE
In a recent paper [2] , a representation of the correlation coefficient of the transfer functions of different ports of an antenna system has been defined by: 
In (1) H TX denotes the complex transmit transfer function of a certain antenna element and Ω is the solid angle. H TX,i can be calculated if port i is excited and port j is terminated by a load. It should be noted that the Gain pattern of the antennas are complex angular dependent representations of the field vectors. Due to the following properties (i) phase (complex field), (ii) shape of pattern (angular dependency) and (iii) polarization (field vector) we can achieve de-correlation, i.e. space, pattern and polarization [3] . The simplest case that examines just the influence of element spacing on the correlation coefficient is the correlation of two isotropic radiators (see Fig. 1 ). This case can be treated analytically, as shown in [2] , and we will use it as a reference for the influence of the element distance on the correlation in this paper. Because the shape of the radiation pattern for the both antennas is identical and the polarization is not taken into account, the correlation is only affected by the phase difference of the elements due to their separation. As a result the cross-correlation varies according to a sinc-function of the electrical distance between the antenna elements:
In (2) k 0 denotes the wave number in free space.
According to (2) the minimum distance that results in perfect de-correlation is d = 0,5λ in the case of isotropic radiators [2] . We can anticipate that this sinc-function-like behaviour will generally be part of the correlation for any kind of antenna system. However, in real integration scenarios impairments due to the polarization and radiation pattern of the antenna elements and the mutual coupling superimpose with this general behaviour. Furthermore, if the elements are integrated into a common platform (e.g. the chassis of the small terminal) the electromagnetic properties of this platform will add a certain contribution. In our paper we aim to address this aspect primarily while we try to keep all the other parameters as simple and predictable as possible.
III. CORRELATION OF TWO MONOPOLES ON A COMMON PLATE
Usually monopole-type antennas of various configurations (e.g. IFA, PIFA, etc.) are used for small terminals [4] . Such antennas use the PCB (Printed Circuit Board) of the terminal itself as a counter pole for radiation. As both antennas use the same counter pole we can expect that the coupling between the antennas and the plate will affect the correlation of the antenna ports. Coupling through common ground firstly affects the isolation of the antennas as has been shown e.g. in [5] . Our investigation focuses on the related effect of the common ground plane on the correlation coefficient of the antenna elements. Later we will compare that also to their isolation in terms of the crosstalk between the antennas.
To keep it simple, we consider a pair of monopoles on a common ground of a small terminal (see Fig. 2 ). In this case the radiation pattern and the polarization of both antenna elements itself is still identical. The distance d 1 between the antenna elements is fixed. The pair of monopoles can be move along the edge of the common ground into y-direction by the distance d 2 . The experiment examines the influence of the positions of the antenna pair on the common rectangular plate. In our first experiment we fix the dimensions of the common ground to a = λ and b = 4λ. Further, we fix the distance between the antennas to d 1 = 0.5λ. Note: This is the smallest distance where de-correlation can be achieved for two isotropic radiators according to paragraph II and [2] . We now calculate the cross-correlation coefficient (eq. 1) of the two elements as the array is moved with a distance d 2 between 0 and 1,5λ along the edge of the common ground. The first conclusion is not very exciting because we assumed initially that the common ground somehow affects the correlation of the antennas. The interesting fact in this case is the sinusoidal oscillation of the cross-correlation coefficient. We will see later that this is due to the current distribution on the ground plate and that this behaviour is the key to understand all the related phenomena involved. In order to describe the impact of the common plate and its current distribution better, we will investigate the physics behind further in the following sections.
I. IV. SURFACE CURRENT DISTRIBUTION ON A FINITE RECTANGULAR PLATE
The surface current distribution that can be excited on a finite rectangular plate, has been a subject of many investigations, e.g. [6] , [7] , [8] in the last decades. The cited references describe the current distribution that can be excited on the plate by a superposition of characteristic modes [9] . As a result we see a sinusoidal distribution in y-direction for the y-polarized wave (a) and a sinusoidal distribution in xdirection for the x-polarized wave (b). In both cases the magnitude is strongest near the edges of the plate. According to the theory above [6] , [7] , [8] , the distribution is the superposition of different characteristic modes.
The rectangular plate in Fig. 6 , with the dimension a = λ and b = 4λ, exhibits in this sense the superposition of even higher order modes on the longer edge. As mentioned above the resulting current distribution on the plate is a superposition of different weighted characteristic modes depending on the electrical dimensions of the plate. Illustratively, such modes look like the normalized sinusoidal functions in Fig. 7 .
Reviewing the results of both previous sections, we have seen that the correlation coefficient of two monopoles oscillates sinusoidally when the antenna pair is moved along the edge of the common ground plate. On the other hand we have shown that a superposition of different sinusoidal characteristic modes can be excited by a plane wave on finite size ground plate. In order to come back to our small terminal configuration it is now interesting to investigate how the monopoles excite these modes and interact with them.
V. COUPLING TROUGH A COMMON GROUND PLATE
Based on the simple experiments in the previous sections we can postulate that the sinusoidal behaviour of the crosscorrelation coefficient in Fig. 3 when the antenna system is moved along the edge is related to the distribution of the characteristic modes on the plate. In order to prove this postulate we artificially display the current distribution taken from Fig. 6 in the sketch of Fig. 2 . Figure 8 then shows where the elements are located with respect to the minima and maxima of the current distribution. Note that this figure is somehow artificial, because the current distribution in taken from the plane wave experiment and is not a result of the excitation of the antenna elements. When the array is shifted from the middle to the end of the rectangular plate (see Fig. 8 ) it passes through two wavelengths on the surface current distribution on the edge. Depending on the position of a certain element with respect to the current distribution, different characteristic modes can be excited more or less effectively on the common plate. Although we always see a superposition of all characteristic
modes in our calculation, the distribution is dominated by the resonance of a certain mode due to the chosen dimensions of our plate. It can be observed that the sinusoidal behaviour (see Fig. 3 ) overlap with the sinusoidal behaviour of the characteristic modes at the edge of the plate (see Fig. 9 ). In our example maxima of the correlation coefficient occur if the antennas are located on extrema of the current distribution. On the other hand minima of the correlation coefficient occur if the elements are located near the nulls of the current distribution. A simple explanation could be that in this case the monopoles excite a certain mode on the common plate less effectively. However this has to be proven more accurately. The third conclusion is justified by the sinc-behaviour of the correlation as a function of the antenna separation (2) . As predicted it is smallest near d 1 = 0.5λ [2] . We can observe from Fig. 10 that this also affects the magnitude of the sinusoidal oscillation of the correlation coefficient as the antenna pair is moved along the edge of the plate.
Note that the different starting points of the correlation coefficient curves in Fig. 10 are due to the different separation distances of the antenna elements. Nevertheless, by taking the shift due to the different distances into account, we can prove that the curves of the correlation coefficient have the same relation to the current distribution on the plate in all observed cases. Fig. 10 also shows an interesting property that is of practical importance: Due to the stronger oscillation of the correlation coefficient when the antennas are separated by other (compared to free space) non-ideal distances, local minima can offer even smaller absolute correlation than for the (ideal) case where the elements are separated by λ/2. This is e.g the case when the antennas are separated by λ/4 and the antenna system is located near the right edge of the plate (see Fig. 10 ). Fig. 11 shows the cross talk between the antenna elements in terms of the scattering parameter S 21 obtained from the same experiment.
Obviously the crosstalk between the antenna elements should be as small as possible for a MIMO system. In our case it is quite high in any case because the antenna elements used have the same polarization. However, optimum design was not the purpose of our research and therefore just the relative differences are of interests. In that sense we can observe that the S 12 -Parameter oscillates sinusoidally when the antenna pair is moved along the longer edge of the ground plate. It shows more or less similar behaviour as the cross correlation function in Fig. 10 . This is not surprising at all bearing in mind that for lossless antennas the scattering parameters of the antenna elements and their correlation coefficient are directly related by [10] ( )( ) 
As for the correlation coefficient in Fig. 10 the shift of the different S 21 curves is simply due to the different distances of the antenna elements and the definition in Fig. 2 .
VI. CONCLUSION AND PERSPECTIVE
In this paper we investigated the influence of the integration of multiple antennas on the common ground of a mobile terminal on the correlation coefficient of these antennas. The experiments show that the cross correlation coefficient oscillates sinusoidally when the antenna pair is moved along the longer edge of the ground plate. This behaviour can be explained by the position of a certain element with respect to the current distribution on the plate which can be interpreted as the superposition of different characteristic modes. Depending on where the antenna elements are located with respect to the distribution of different characteristic modes they excite certain modes more or less effectively. We can assume that the antenna correlation is higher if both elements excite the same mode on the common ground platform. The results hold similar when we look at the crosstalk (in terms of S 21 ) between the antennas instead. Design-wise these effects offer some practical advantages: Knowing the dimensions of the common ground, we can calculate the characteristic modes and derive the optimum location of the antenna system and the separation distance of its elements. This optimum distance can even be smaller compared to the typically used λ/2 separation which holds only for the canonical case of two isotropic radiators in free space.
Further research will be directed into calculating the exact characteristic modes and deriving the coupling mechanisms between the antenna elements and these modes. Finally this aims at deriving physically related practical design rules for multi antenna systems integrated into small terminal.
